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We report the transport properties in the vortex liquid states induced by quantum fluctuations at
low temperature in the layered organic superconductor κ-(BEDT-TTF)2Cu(NCS)2. A steep drop
of the resistivity observed below about 1 K separates the liquid state into two regions. In the low
resistance state at lower temperature, a finite resistivity with weak temperature dependence persists
down to 100 mK at least. The finite resistivity in the vortex state at T ≃ 0 K indicates the realization
of quantum vortex liquid assisted by the strong quantum fluctuations instead of the thermal one.
A possible origin for separating these liquid states is a remnant vortex melting line at the original
position, which is obscured and suppressed by the quantum fluctuations. A non-linear behavior of
the in-plane resistivity appears at large current density in only the low resistance state, but not
in another vortex liquid state at higher temperature, where the thermal fluctuations are dominant.
The transport properties in the low resistance state are well understood in the vortex slush concept
with a short-range order of vortices. Thus the low resistance state below 1 K is considered to be a
novel quantum vortex slush state.
PACS numbers: 74.70.Kn, 74.40.+k, 74.60.-w
I. INTRODUCTION
Vortices in the layered superconductors (i.e., high-Tc
superconducting oxides, organic superconductors) have
strong thermal fluctuations, which have been extensively
studied.1,2 The material parameters of such layered su-
perconductors, implying their short coherence length and
large anisotropy of the effective mass, enhance the impor-
tance of the fluctuation effects on many supercondicting
phenomena such as the thermodynamic and transport
properties, and also on the vortex matter dynamics and
its phase diagram. Quantum fluctuations on the super-
conductivity and the vortices are expected to become
potentially important at low temperatures on the ma-
terials fairly affected by the thermal fluctuations.3 In-
deed the vortex liquid state resulting from the quantum
melting at low temperature has been discussed as the
quantum vortex liquid (QVL) from several theoretical
approaches.3,4,5,6,7,8,9 The favorable material parameters
for the experimental observation of quantum fluctuation
effects involve a large normal-state resistivity ρn, a mod-
erate upper critical field Hc2 at zero temperature, and a
small length scale s for the fluctuations (i.e., short coher-
ence length or short layer separation).
Besides oxides, the BEDT-TTF molecule based or-
ganic superconductors are also good candidates for the
observation of these effects, where BEDT-TTF denotes
bis(ethylenedithio)tetrathiafulvalene. The quasi two di-
mensional (Q2D) organic superconductors have relatively
large effective normal resistance Reff = ρn/s in com-
parison with the quantum resistance RQ = h¯/e
2. For
example, κ-(BEDT-TTF)2Cu(NCS)2, which is investi-
gated in the present study, shows the resistance ratio
Q ≡ Reff/RQ of the order of 10−1, rendering the quantum
effects important.1,5 Further the fairly large Ginzburg
number Gi ≡ (1/2)(Tc/H2c2(0)εξ3(0))2 of the order of
10−1 in κ-(BEDT-TTF)2Cu(NCS)2 is in favor of the
thermal and also the quantum fluctuations,1,3 whereas
Gi in conventional superconductors is a small number of
the order of 10−7, and in oxides, YBa2Cu3Oy (YBCO),
of the order of 10−2. In the case of the strongly layered
oxides, Bi2Sr2CaCu2Oy (BSCCO) possesses Gi ∼ 100.
In addition to the material potential for the quantum
fluctuations, it is practically important that a moderate
Hc2(0) ≃ 6 − 7 T in the magnetic field perpendicular to
the Q2D plane can be accessed fully by using standard
superconducting magnets. Indeed the QVL state in κ-
(BEDT-TTF)2Cu(NCS)2 has been found as a reversible
magnetization region below Hc2 even at T ≃ 0 K.10,11
The transport properties in the QVL state are ex-
pected to show some characteristic phenomena such as an
insulating behavior.3,12 The experimental efforts, how-
ever, have not been enough to reveal the properties in the
QVL state. Most of works have been performed on thin
films of conventional superconductors because of meeting
the requirement mentioned above.13,14,15,16,17 The thin
films, however, are not so clean that the wide vortex liq-
uid region is not anticipated by the large random pinning
force on the vortices. On the other hand, the organic su-
perconductor obtained as a single crystal is so clean that
the vortex phase diagram has been discussed on the re-
semblance with that of BSCCO,18,19 whereas their Tc’s
are different by one order of magnitude. Furthermore the
cleanness of the materials enables us to obtain the elec-
tronic states in detail by measurements of the magnetic
quantum oscillations, de Haas - van Alphen (dHvA) and
2Shubnikov - de Haas (SdH) effects in the normal20,21,22
and also the superconducting10,23,24,25 states.
In this paper, we report the transport properties of the
title organic superconductor at low temperature, where
the QVL state is expected. We are not concerned here
with the debatable nature of the superconductivity re-
ported in the κ-type of BEDT-TTF based organic super-
conductors, while those are currently discussed on the
pairing symmetry and the gap structure26,27 in connec-
tion with the electronic phase diagram in the normal
state.28,29,30
II. EXPERIMENT
High quality single crystals of κ-(BEDT-
TTF)2Cu(NCS)2 were grown by an electrochemical
oxidation method. The crystals measured have the
shape of an elongated hexagonal plate with the typical
size of ∼ 1.5 × 0.6 × 0.05 mm3. The in-plane and the
out of plane resistivities were measured along the b and
a∗ axes, respectively, by means of a conventional ac
or dc four terminal method. The electrical terminals
were made of evaporated gold films, and gold wires
(10 µm) were glued onto the films with gold or silver
paint. The contact resistance was about 10 Ω for
each contact at room temperature, but it became less
than 1 Ω at low temperature where the experiments
were carried out. The results presented in this paper
were obtained on three samples #1, #2 and #3 from
different batches. We found that other three samples
measured gave qualitatively similar results which were
not presented in this paper. These samples were cooled
slowly from room temperature to 4.2 K in 24 − 48 hours
in order to avoid the disorder of the terminal ethylene
group of the BEDT-TTF molecules. The samples
were directly immersed in liquid 3He or the dense 3He
gas of the refrigerator within a 15 T superconducting
magnet at the High Magnetic Field Laboratory for
Superconducting Materials (HFLSM), IMR, Tohoku
University. The sample #3 was measured by using the
3He/4He dilution refrigerator with a 14 T superconduct-
ing magnet at Walther-Meissner-Institute (WMI). For
all measurements reported here, the magnetic field was
applied parallel to the a∗ axis, i.e., the perpendicular to
the Q2D conducting b-c plane.
III. RESULTS AND DISCUSSION
Figure 1 shows the magnetic field dependence of the
resistivity (a) ρa along a
∗ axis and (b) ρb along b axis
of sample #1 with dc current I of 10 and 100 µ A, re-
spectively. An anomalous resistance hump is observed
in ρa(H) curves at temperatures between about 1.5 K
and Tc ≃ 10 K. The resistivity hump is larger than the
isothermal normal resistivity in high magnetic field. In
the corresponding temperature - magnetic field region,
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FIG. 1: Magnetic field dependence of the resistivity of κ-
(BEDT-TTF)2Cu(NCS)2 in the magnetic field perpendicular
to the Q2D plane. (a) The out of plane resistivity ρa along
the a∗ axis (I = 10µA), and (b) the in-plane resistivity ρb
along the b axis (I = 100µA) are measured in sample #1.
the in-plane resistivity ρb does not show such anomaly.
This hump anomaly has been reported on only the inter-
layer resistivity of this material and discussed in several
ways.31,32,33,34,35 But a persuasive explanation has not
been presented. Although the purpose of this paper is
not on the resistivity hump, it may be a clue for un-
derstanding the problem that the phenomena occur in
the thermal vortex liquid (TVL) state which is described
latter.
The ρb curve shows gradual decrease from the nor-
mal resistivity above Hc2 with decreasing magnetic field.
This gradual decrease of the resistivity demonstrates the
dissipations due to the flux motion, resulting in the vor-
tex liquid state. Further decreasing field, the resistivity
becomes zero at which the long-range order of vortices
starts to grow and the resulting vortex lattice (the vor-
tex solid) is pinned by the random pinning potential like
defects and impurities. Although the solid - liquid transi-
tion has been suggested to be a first-order vortex melting
one at low field region (∼ several ten mT),36 magnetic
measurements in higher fields have obtained those only as
the irreversible field Hirr.
10,18 And the transition at the
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FIG. 2: Magnetic field dependence of the in-plane resistivity
ρb of sample #2 with several current densities in the filed
perpendicular to the Q2D plane. The applied dc currents are
500, 200, 100, 50, 20, 10 and 5 µA from top to bottom curves
at 0.51, 0.93 and 1.69 K, and 500, 100 and 10 µA at 4.25 K.
Current density J corresponds to the applied current in the
ratio of 1.53 A/cm2 to 500 µA.
resistance onset is not so sharp as against the melting
transition. It is not clear whether the zero resistivity at
the field of tesla order comes in by the first-order melting
or the second-order glass - liquid transition.
A step-like structure is found in the ρb curves on the
way of the gradual transition in the vortex liquid region
below 1 K. It means that a low resistance state appears
before achieving the zero resistivity. The features of the
resistivity and the resulting low resistance state is found
to involve an applied current density dependence.
Figure 2 shows the magnetic field dependence of the
in-plane resistivity ρb of the sample #2 in the field per-
pendicular to the plane with different dc current density.
The applied currents I at 0.51, 0.93 and 1.69 K are 500,
200, 100, 50, 20, 10 and 5 µA, and 500, 100 and 10 µA
at 4.25 K from top to bottom curves at each tempera-
ture. The current density J corresponding to 500 µA is
1.53 A/cm2. The transition curves below about 1 K indi-
cate large non-linear resistance behavior. In low current
density, for example at 0.51 K, a steep resistance drop ap-
pears at HL ≃ 6.5 T. The low resistance state following
the resistance drop continues down to the field where the
resistivity becomes zero. With increasing current den-
sity, however, the feature of the resistance drop becomes
unclear and the region of the low resistance state shrinks.
No such resistance drop at HL, and consequently no low
resistance state are recognized at 1.69 K. It is noted that
the observed current density dependence is not caused
by the generation of heat at the sample and electrical
contacts. Because the resistive onset field Hirr is not af-
fected by changing current density, and also the resistive
transition curves at 4.25 K, which are measured with the
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FIG. 3: Temperature dependence of the in plane resistivity
ρb in the field perpendicular to the Q2D plane of sample #3.
The arrows indicate a transition at TL and the width between
the high and low resistance states in the vortex liquid state,
which are plotted as the bar in the phase diagram of Fig. 4.
same current density range, coincide with each other.
The resistance drop at HL and following low resistance
state are more clearly seen in the temperature depen-
dence of the resistivity at temperatures below 1 K. Fig-
ure 3 shows the temperature dependence of the in-plane
resistivity ρb of the sample #3. The resistivity measure-
ments were performed by an ac current (77 Hz) of 20
µA (j = 0.05 A/cm2). The current density used in the
measurement is almost the same level of that in the two
resistivity curves (10 and 20 µA) measured on the sample
#2 in Fig.2. The resistance drop at TL corresponding to
HL has relatively narrow transition width of about 200
mK, which is defined by the intersection points of the
linear extrapolation lines to the resistance curve as de-
picted in Fig. 3. On the other hand, the zero resistivity
transition seems to be gradual as is seen on the curve in
3.32 T and at T = 0.6 − 0.7 K. The gradual transition to
the zero resistivity may show a second-order vortex liq-
uid - glass transition although the transition curve can
not be analyzed by the glass scaling law37,38 because of
insufficient accuracy of the resistance measurements near
zero resistivity. The transition curve at TL shifts almost
in parallel to lower temperature with increasing magnetic
field, and the feature of the resistance drop can be seen
up to nearby Hc2(0) ≃ 7 T. The low resistance state fol-
lowing the resistance drop persists down to about 100
mK at least. In addition the temperature dependence of
ρb in the low resistance state is relatively weak. Then we
expect that the low resistance state could remain even at
T ≃ 0 K between ∼ 3.5 and ∼ 7 T. This finite resistivity
is in agreement with the reversible magnetization10 ob-
served in the QVL state affected strongly by the quantum
fluctuations. The quantum melting transition reflected
4on Hirr between the vortex solid and the QVL states at
T ≃ 0 K has been discussed quantitatively10 in compar-
ison with the several quantum melting theories.3,4,5,6,7
Using the material parameters of the present organic su-
perconductor, the quantum melting transition fields have
been calculated to be 3.5 - 4.0 T at T = 0 K by different
theoretical ways.
It is expected that the quantum fluctuation effect may
be seen in the resistance behavior.3,8 At lower temper-
ature, ρb above TL shows a weak upward curvature,
whereas the curve at 8.59 T, where the magnetic field
is well above Hc2, does not show such feature. This may
indicate an insulating behavior predicted as strong quan-
tum fluctuation effect at T ≃ 0 K and near Hc2.3,12 The-
oretically the resistivity at T = 0 K is expected to take
either zero or the normal state value.3 It means that ei-
ther the insulating behavior results in taking the normal
state value, or the finite pinning in the real system does
in achieving zero resistivity. The intermediate metallic
behavior with weak temperature dependence of the resis-
tivity curves from 4.57 T to 7.15 T shows the tendency
of neither insulating nor taking zero value down to 0.1 K.
This is similar to the observation of the metallic quantum
vortex liquid state found in thick amorphous MoxSi1−x
films at T ≃ 0 K.17 In order to confirm this point in the
present organic superconductor, further experiments at
lower temperatures and in finely tuned magnetic fields
are required.
The experimentally obtained HL, TL and the low re-
sistance state with non-linear behavior apparently show
that the vortex liquid state of this material is separated
into two kinds of the vortex liquid; one is the thermally
fluctuated vortex liquid (TVL) at high temperature and
another the non-linear low resistance vortex slush39 like
state where the quantum vortex liquid (QVL) may be re-
alized by the strong quantum fluctuation instead of the
thermal one at low temperature.
Figure 4 shows the phase diagram of vortex system
in the magnetic field perpendicular to the Q2D plane
of κ-(BEDT-TTF)2Cu(NCS)2. In the main panel the
hatched low-T , low-H region is the vortex solid state
(S), which is characterized by the zero resistance and
the irreversible magnetization. The squares and circles
are the irreversible field Hirr determined by the magnetic
torque10 and SQUID18 measurements, respectively. The
filled circles are determined as the onset magnetic field
of ρa in Fig. 1(a). The resistivity level of 2 × 10−3
Ωcm is used for the criterion of the onset. The resis-
tive onset magnetic fields for ρb agree with those for ρa
by extrapolating the ρb data to the same criterion level
(6 × 10−4 mΩcm) which is 10−3 times smaller than the
normal state value. The pluses and crosses are the or-
dinary upper critical field Hc2 obtained by the specific
heat40 and the magnetization41. The lower dotted curve
of the ordinary Hc2 on the pluses and crosses is expected
to be lowered from the mean field Hc2 (the upper dot-
ted curve) due to fluctuations.3 Above the Hirr line in
the TVL region, the vortices do not have any long-range
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FIG. 4: Vortex phase diagram of κ-(BEDT-TTF)2Cu(NCS)2
in the magnetic field perpendicular to the Q2D plane. QVL
and TVL are the quantum and thermal vortex liquid state.
N and S denote the normal and the vortex solid states. The
lower dotted curve shows the ordinary Hc2 including the ef-
fect of fluctuations. The curve is determined by the specific
heat40 (pluses) and the magnetization41 (crosses) measure-
nents. The expected mean field Hc2 line is plotted by another
dotted curve (upper side). Hirr indicates the irreversible mag-
netic field obtained by the magnetization18 (open circles), the
magnetic torque10 (open squares) and the resistivity measure-
ments in the present study (filled circles). The dashed line
TL (HL) separates the vortex liquid state to two regions; the
thermal vortex liquid (TVL) state with high resistivity at high
temperature and the vortex slush like low resistance state at
low temperature. The inset shows a schematic phase diagram
of the layered superconductors. The detail see the text.
order resulting in the vortex liquid state. Most of the
liquid state (TVL) above several hundred mT is consid-
ered to be formed by melting or decoupling the vortex
pancake18,19 in the S state, which is mainly assisted by
thermal fluctuations. In the very low magnetic field re-
gion below the dimensional crossover at several ten mT,
the Abrikosov vortex line lattice exists.19,42 On the low
magnetic field phases which are not included in Fig. 4,
please refer to the previous reports.18,19
The broken line (TL and HL) separates the vortex liq-
uid state into two regions mentioned above. One is the
TVL state at higher T , and another the non-linear low
resistance state at lower T . This low resistance state
persists down to at least 100 mK in Hirr < H < Hc2 at
T ≃ 0 K. The transport properties in the low resistance
state below HL resemble those observed in the vortex
slush phase which has been found between the vortex
liquid and glass phases of the high-Tc oxide supercon-
ductors having an intermediate range of disorder.39,43
The vortex slush phase has the short-range order of the
vortices,39,44,45 which is characterized by the non-linear
5resistivity.39,43,46,47 The transition between the vortex
liquid and slush phases appears as a steep resistance drop
but not to zero, and also a small magnetization jump.43,47
This transition is thought to be an incomplete first-order
phase transition at the same transition field and temper-
ature of the original one hidden by the disorder effect.
In addition the second-order vortex glass transition line
appears between the vortex slush and glass phases.
Let us discuss the correspondence between the non-
linear low resistance state found in this material and
the vortex slush phase with a short-range order of vor-
tices. The inset of Fig.4 shows a schematic phase di-
agram of the layered superconductors.1,48 In the case of
the 3D material, e.g., YBCO, the melting line (the dotted
chain) points to Hc2(0) because of less effect of fluctua-
tions. In contrast to the 3D system, the melting line (the
broken line) of the 2D material, e.g., BSCCO and the
present organic superconductor, increases rapidly near
the 2D melting temperature T 2Dm , which is independent
of magnetic field at the Berezinskii-Kosterlitz-Thouless
(BKT) type dislocation-mediated melting transition49,
kT 2Dm = dε0/8
√
3pi, where ε0 = (Φ0/4piλ)
2, k is the
Boltzmann’s constant, d the layer spacing, Φ0 the flux
quantum and λ the in-plane penetration depth. The
magnetic field independent T 2Dm is expected at 1.5 - 2.5
K in the present organic superconductor with d ≃ 15.2
A˚50 and the in-plane λ ≃ 5000 - 7000 A˚.19,41,42,51 In the
real material the 2D melting line is expected to get away
from T 2Dm and turn toward Hc2(0) in high magnetic field.
The TL (HL) line observed in this material seems to co-
incide with the above mentioned melting line T 2Dm , which
corresponds to the dislocation mediated melting line5,
following the broken line in the inset. In practice, how-
ever, the quantum fluctuations and finite amount of dis-
orders in the real system push the actual solid-liquid line
(Hirr and the solid line in the inset) down to lower mag-
netic fields, for example in the present material, down to
about 4 T even at T ≃ 0 K. Thus the HL line is con-
sidered to have the similar nature of the remnant solid-
liquid line at the original position where the short-range
order of vortices starts to grow, but it does not develop
to the long-range order with zero resistivity. In addition
the resulting vortex liquid is considered to be QVL at
low temperatures. The low resistance state is, therefore,
concluded to be a novel quantum vortex slush state.
The HL line seems to exceed the ordinary Hc2 line at
T ≃ 0 K. This looks to be inconsistent with the above
scenario of Hc2 = HL at T = 0 K. The Lindemann-type
approach for the vortex melting theory leads the melt-
ing point always below the Hc2 at T = 0 K.
5 Recently
Ishida and Ikeda52 argue the melting transition near T =
0 K by their quantum Ginzburg-Landau approach. They
suggest that the melting transition is possible to occur
above the ordinary Hc2 at T ≃ 0 K in the clean system
and the quantum dissipated three dimensional case. It
must be theoretically important to investigate the rela-
tion among HL, Hirr, the ordinary Hc2, and the mean
field Hc2 at T ≃ 0 K.
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FIG. 5: Current density dependence of the in-plane resistivity
ρb of sample #2 in magnetic fields perpendicular to the Q2D
plane. The curves are measured in intervals of about 0.17 T
from 7.91 (top curve) to 3.20 T (bottom), from 5.05 to 1.85 T,
and from 3.37 to 0.34 T at 0.51, 1.69, and 4.25 K, respectively.
Turning now to investigate the vortex slush like state
characterized by the non-linear transport behavior. Fig-
ure 5 shows the current density dependence of the in-
plane resistivity ρb of sample #2 in magnetic fields per-
pendicular to the Q2D plane at 0.51, 1.69 and 4.25 K.
The current density J - resistivity ρb characteristic curves
are measured in intervals of about 0.17 T from 7.91 (top
curve) to 3.20 T (bottom), from 5.05 to 1.85 T, and from
3.37 to 0.34 T at 0.51, 1.69, and 4.25 K, respectively. At
the low temperature of 0.51 K (top panel), two regions of
the constant ρb as a function of J , that is, the linear E -
J behavior, at low current density is separated at HL ≃
6.5 T. One is the liner resistivity in high magnetic fields
near Hc2, and another linear resistivity appears around
6 T. In between these two regions, the steep drop of the
linear resistivity at low J is found as spreading the spac-
ing between curves. Then below about 6 T, the linear
6resistivity stops dropping as fast. Only at lower mag-
netic fields approaching Hirr, the downward curvature of
the ρb - J curve sets in and the linear part of the resis-
tivity vanishes within the present experimental accuracy.
This indicates that the low resistance state below HL has
non-zero linear resistivity at low J . At high J , the low re-
sistance state becomes unclear and shows the non-linear
E - J behavior, which has been seen in Fig. 2. This non-
linear behavior at high J can be also explained in the
vortex slush scheme. The vortex slush resistivity at low
J increases to the vortex liquid resistivity at high J by
moving the vortex lattice domains with short-range or-
der due to the Magnus force. The domains pass over the
pinning sites. For larger J , the vortex domains move like
as vortex liquid, and hence a higher resistivity is induced.
Actually as is seen in the top panel at 0.51 K, the smaller
J required for moving the domain, namely, where the ρb
- J curve starts to deviate from the constant, is necessary
with coming close to the magnetic field HL (or TL). At
high temperature of 1.69 K (middle panel), where is just
outside of the vortex slush like region, the linear resis-
tivity at low J shows continuous drop and then changes
to the non-linear one with the downward curvature near
Hirr. Only the linear resistivity is observed within the
applied J in this experiments at 4.25 K (bottom panel).
As just described above, the observed E - J response in
the low resistance state is well explained by the concept
of the vortex slush which has been proposed experimen-
tally by Worthington et al.39 and theoretically discussed
by Ikeda,44 although both studies have focused the at-
tention on the oxide high-Tc superconductors. These
studies have been examined also by the Monte Carlo
simulations.45 While most of the characteristic feature
is very well understood in the vortex slush concept, some
points remain to be unclear. First, the linear resistivity
in low J in the vortex slush has been expected to come
from thermal excitation, and then the exponential de-
crease of ρ with T has been predicted.39 This exponential
temperature dependence contradicts the observed weak
temperature dependence as shown in Fig. 3. Second, the
vortex slush state in the oxide high-Tc superconductors
has been found only on the sample with the intermediate
range of the disorders which have been controlled by the
proton irradiation39 and the oxygen concentration.43,47
The organic superconductor in the present study is gen-
erally considered to be a clean system but with a finite
weak disorder. These must closely connect to the rela-
tion among the origin (thermal or quantum) of the exci-
tations (fluctuations), those strength at the temperature,
and a degree of the finite pinning strength. Theoretical
approach for the quantum effect on the vortices is neces-
sary for further understanding of the present phenomena.
Finally we would like to mention the HL (TL) transi-
tion from the different aspects of the magnetic quantum
oscillations. The dHvA oscillations have been observed
not only in the normal state but also the vortex state be-
low Hc2.
10,23,24 The amplitude of the oscillations in the
vortex state has been reduced by an additional damp-
ing effect with respect to the normal state damping.53
The dHvA effect in the vortex liquid state of the present
organic superconductor has been understood in the ther-
mal fluctuation approach.24,53 Recently SdH oscillations
in the vortex liquid state have been reported.25 The SdH
oscillations have been able to be observed down to 5 T
at 0.5 K, where the resistivity becomes about 30 % of
the normal state value. The additional damping of the
SdH amplitude has appeared below about 7 T as well
as the dHvA oscillations. In addition the novel second
damping has been found only in the SdH effect below
about 6 T at 0.5 K. The second damping suppresses the
SdH oscillation amplitude rapidly as compared to the
additional damping below Hc2. In view of the vortex
phase diagram in the present study, the magnetic field
where the second damping starts to appear corresponds
to the HL line. The amplitude of the dHvA oscillations
in the vortex state has been calculated to be perturbed
by the phase coherence of the vortices.53 In the vortex
slush state the coherence may vary with the applied cur-
rent. The current dependence of the phase coherence in
the vortex slush state may explain that the amplitude of
SdH oscillations is smaller than that of the dHvA one be-
low the second damping field ≃ HL. It must be, however,
necessary for further consideration on the different way
of the amplitude damping of both the dHvA and SdH
effects in the vortex liquid (QVL or TVL) and the vortex
slush states in addition to the normal and the Abrikosov
vortex lattice states.
IV. SUMMARY
We have reported the non-linear low resistance state in
the vortex liquid state of the quasi-two dimensional or-
ganic superconductor κ-(BEDT-TTF)2Cu(NCS)2. The
low resistance state appears below about 1 K, which is
separated from the thermal vortex liquid state by the
characteristic drop of the in-plane resistivity at TL and
HL. A possible origin of the drop of the resistivity is
a hidden freezing transition which is obscured by strong
quantum fluctuations.
The low resistance state at lower temperature persists
down to T ≃ 0 K in Hirr < H < Hc2. The finite re-
sistivity remained at T ≃ 0 K and the reversible mag-
netization demonstrate that the quantum vortex liquid
state is realized there. The drop of the resistivity at TL
and HL comes from the linear resistivity at low J in the
low resistance state. By applying high J the linear resis-
tivity changes to the larger vortex liquid resistivity with
non-linear response. These transport phenomena are well
understood in the vortex slush concept, which is charac-
terized by a short-range order of the vortices. As a result,
the low resistance state is considered to be a novel quan-
tum vortex slush state. In order to confirm the quantum
vortex slush in the low resistance state, it is important
to investigate the thermodynamic properties at HL and
the way of the connection between the HL and Hirr lines.
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